ABSTRACT
INTRODUCTION
In the theoretical analyses, it makes the mathematical model more complicated to describe pipeline dynamics by distributed parameter. Many techniques have been developed to reduce the difficulty of analysis as follows: the technique describing the dynamic characteristics of the pipeline as the finite series of rational polynomials, the finite element method, discretized approximation based on the finite volume method [1] , which is called the discretized model hereafter, and the like. Modeling the system for oscillation modes of higher order makes analytical treatment of the system difficult and it requires huge computing time. They can be a large problem in the analysis of the dynamic characteristics o the whole system. Thus, the lumped parameter approximation of the first order for pipelines becomes a subject of attention. This approximation is the same as the least divided case of the discretized model and is considered to be able to obtain the quantitatively good solution in case of short pipelines.
In this paper, we treat a direct-acting poppet valve circuit. The applicability and the limitation of the lumped parameter model of the first order are discussed by the comparison with the distributed parameter model.
GOVERNING EQUATIONS
The schematic diagram of the direct-acting poppet valve circuit treated here is shown in Fig. 1 . The equation of motion for the poppet is (1) where K is the spring stiffness, m the valve mass, X the valve lift and 6 the damping coefficient. The F means the flow force of oil acting on the poppet and is described as follows [2] :
where Ap(=nDp214; Dp is the diameter of valve) is the cross sectional area of the pipeline, cp the discharge coefficient of poppet valve and a the half angle of poppet. The cp is approximated based on the experiment as follows [2] :
where y=4.0x104 [1/m] and cpo=0.8. The fo is the initial compressing force of the spring and is described as follows:
where Ps, is the cracking pressure and X the initial compression of the spring. The pressure-flow characteristic of the poppet valve is
The basic concept of (i) the distributed parameter model, (ii) the discretized model and (iii) the lumped parameter models of the first order, L-model and Tr-model, are explained below.
(i) Distributed parameter model The relation between the pressure P and the flow rate Q at the upstream end of a pipeline, and the pressure P, and the flow rate Qc at the downstream end are written as follows [31: (6) where L is the pipeline length, F the transport coefficient and Zc the characteristic impedance of the pipeline. They are different by the treatment of pipeline resistance, e.g., no loss, steady laminar flow or unsteady laminar flow [3] .
(ii) Discretized model The discretized model divides the pipeline into n short cells by the finite volume method using a staggered grid system. The fundamental partial differential equations, i.e., equation of motion and equation of continuity of oil in the pipeline are integrated along a number of cell lengths, and turn to the set of ordinary differential equations. The validity of this model is shown by Wang et al. [1] (iii) Lumped parameter models The L-model and it-model are most familiar in lumped parameter models. If the pipeline length is supposed to be short enough to lump the capacitance and the inertance of oil in the pipeline, the relations of pressure and flow rate are described as follows:
and (7) where C=Vc/B is the capacitance, 1=pLIAL the inertance of oil in the pipeline and Vc the equivalent pipeline volume, where AL is the cross sectional area of the pipeline.
The lumped parameter models of the first order correspond to the simplified case of the discretized model, where the equivalent pipeline volume is Vc=ALL for L-model and Vc=ALL/2 for 7E-model. The cell volume of upper half is included in the constant pressure reservoir in 7E-model. The accuracy of the eigenvalue of the pipeline mode is sensitive to equivalent cell volume Va., especially in this simple direct-acting poppet valve circuit. In this paper, the motion of fluid in the pipeline of the direct-acting poppet valve circuit is approximated using L-or 7E-model. The accuracy of the solution is discussed in the viewpoint of the eigenvalue analysis, comparing with eigenvalues of the discretized model or the distributed parameter model. A purpose of this paper is understanding the dynamic structure of this system from the oscillation modes. The effect of wall friction of pipeline is considered to be small enough for the eigenvalue analysis for short pipeline, so pipeline loss is ignored in following discussion. The system parameters used in the following calculations are listed in Table 1 . The pipeline length L is fixed to 0.3m. Figures 2 and 3 show the eigenvalues of the first pipeline mode and the valve mode [4] , respectively. In these figures, eigenvalues for L-model, n-model, discretized model and distributed parameter model are compared. In Fig. 2 , the eigenvalues of discretized model agree well with those of distributed parameter model. The eigenvalues of the first pipeline mode change from complex values to real ones for large Ps. In Fig. 3 , differences between the eigenvalues of valve mode for 4 approximation models are small compared with those of pipeline mode. The valve modes are stable in the whole Ps range. Thus, in the case of L=0. 3m, stability of the pipeline mode is considered to be the dominant cause for the instability of this system. Figures 4 and 5 show the transition of the eigenvalues with the pipeline length L of 0.01m to lm for fixed supply pressure Ps=4.1MPa. Though tendencies of the eigenvalue-transitions for all models are qualitatively the same for the first pipeline mode as shown in Fig. 4 , the stable ranges of the approximated models are We define an equivalent volume factor to modify the lumped parameter model as follows: (14) where V, is the equivalent pipeline volume, which is determined so that the first pipeline mode frequency at the cracking coincides with that of the distributed parameter model for lossless pipeline and VL the actual pipeline volume (=ALL). Figure 6 shows how 4 changes with the pipeline length L for Ps=4.0, 4.1 and 4.2MPa. For the cracking pressure Ps=4.0MPa, 4 is 0.405 regardless of L. This is explained in the following. Equation (11) means one degree-of-freedom oscillatory system of the pipeline and the right hand side of this equation is the coupling term with the valve motion. For X, 0, the eigenvalues of this system are simultaneously solved as a coupled motion of oil column in the pipeline and the valve. However at the cracking condition, X0=0, the frequency of the pipeline mode is determined independently to the valve motion because Cx=0 and Cp=0. Thus, the natural frequency fapp for the lumped parameter model is (15) The natural frequency fe,"" of the first mode of a lossless pipeline with the closed downstream end for the The ratio offappand fexact is The values are complex numbers at the cracking condition, because Cp=0. However, they turn to teal ones with increase of Cp caused by the increase of P.
CHARACTERISTIC EQUATIONS
Comparison of Eq. (18) and eigenvalues of the first pipeline mode for distributed parameter model is shown in Fig. 7 . The reason of transition to real ones is considered to be the effect of damping caused by the increment of flow rate through the valve. Next, the bifurcation of the valve mode eigenvalue with increase of the pipeline length L is considered. The natural frequency of the pipeline is large enough compared with that of the valve as mentioned above. Fig. 8 . It is clarified that the pipeline inertance acts as the damper of valve and increase of the pipeline inertance causes the bifurcation of the valve mode eigenvalues from complex numbers to real ones.
CONCLUSION
The applicability and limit of lumped parameter approximation model of the first order is discussed comparing with discretized model and distributed parameter model from the view point of eigenvalue analysis of direct-acting poppet valve circuit. The following results are obtained.
(1) The lumped parameter models can represent the dynamic characteristics of the system qualitatively. However, there are several errors in the eigenvalues of pipeline mode even the pipelines are short enough and the eigenvalues for it-model are more accurate than those for L-model.
(2) Multiplying whole pipeline volume by a coefficient results in quantitatively accurate analysis using the lumped parameter models. The coefficient is 0.405 when the supply pressure is equal to cracking pressure. (3) Turning to real ones of eigenvalues of the valve mode and the first pipeline mode are explained by the lumped parameter approximation.
